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Introduction
The Million Death Study reported that cardiovascular disease (CVD) was responsible for 30% mortality in males and 25% mortality in females in India. 1 In 2008, of the >2.5 million deaths due to CVD in India, two-thirds were due to coronary heart disease (CHD) indicating the rapidly escalating burden. 2 
Acute coronary syndrome (ACS) and role of platelets
As the primary critical step in hemostasis, platelets are activated in the presence of an agonist in response to vessel injury. The further platelet cascade involving adhesion, activation, and aggregation is depicted in Fig. 1 . 3 
2.1.
Methods for platelet function tests 4 The various types of platelet function tests are compared in Table 1 .
Thromboelastography (TEG) 5
The TEG Platelet Mapping assay relies on evaluation of clot strength to enable a quantitative analysis of platelet function. TEG analysis provides the measure of maximum platelet function, and hence the degree of hypercoagulability and extent of inhibition needed to make the platelet therapy personalized and helps deduce the:
Resistance to and effect of antiplatelet therapy. Therapeutic level of the therapy. Risk for ischemic or bleeding event.
Currently available antiplatelet agents
Clopidogrel
Clopidogrel is a pro-drug, which binds to P2Y12 receptors irreversibly, rendering the receptor unable to respond to adenosine diphosphate (ADP), thus reducing platelet function. 6 Its effect on platelet function lasts for the lifetime of the affected platelet. It has a slow onset of action and is associated with high interindividual variability with high platelet reactivity despite treatment and resistance during long-term therapy.
These factors make it difficult to predict the degree of antiplatelet response to clopidogrel. The Gauging Responsiveness with A VerifyNow assay-Impact on Thrombosis and Safety (GRAVITAS) trial evaluated the effects of increasing the dose of clopidogrel in patients with inadequate inhibition of platelet function on standard dose treatment and noted that some patients continued to have very high platelet reactivity on higher doses of clopidogrel. 7 
Prasugrel
Prasugrel is a thienopyridine and a pro-drug that needs to be converted to an active metabolite. Prasugrel attains inhibition of platelet aggregation (IPA) within 15-30 min after a loading dose of 60 mg and attains a maximum IPA of 60-70% within 2-4 h. The IPA during maintenance treatment is at an average of 50%. 7 Prasugrel binds to the P2Y12 receptors irreversibly and produces inhibition of platelet function for the lifetime of the affected platelet. Prasugrel effects are much more predictable as revealed in the Trial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition with PrasugrelThrombolysis in Myocardial Infarction (TRITON-TIMI) study. 7 Although prasugrel resistance has not been reliably described, some studies have demonstrated prasugrel resistance. Bonello et al. reported a high rate of prasugrel resistance using the vasodilator-stimulated phosphoprotein index. 8 Silvano et al. described a rare case of both clopidogrel and prasugrel resistance in a patient without diabetes, with acute STEMI due to stent thrombosis. 9 Morel et al. also observed prasugrel 'resistance' in 19% of cases with CKD. 10 
Ticagrelor
Ticagrelor is a directly acting cyclopentyltriazolo-pyrimidine (CPTP) class molecule, which does not require conversion into an active metabolite. It reversibly inhibits the P2Y12 receptors on platelets.
Ticagrelor results in an average IPA of 80-90% at 2-4 h after 180 mg loading dose. The IPAs achieved by ticagrelor were higher than the IPA typically seen with clopidogrel of around 50%. i n d i a n h e a r t j o u r n a l 6 8 ( 2 0 1 6 ) 6 2 4 -6 3 1
The end result of PLATelet inhibition and patient Outcomes (PLATO) trial, which was a head-to-head comparison of ticagrelor and clopidogrel in hospitalized patients with an ACS, saw a significant reduction in the composite of cardiovascular death, nonfatal MI, and stroke with ticagrelor without any difference in the overall incidence of fatal or major bleeding. This was the first time that an OAP agent (ticagrelor) resulted in a significant reduction in the overall death rate. Moreover, the PLATO PlateLET substudy demonstrated that antiplatelet effect both during initiation of treatment and maintenance therapy was significantly higher with ticagrelor than with clopidogrel. 7 
Clopidogrel resistance
Clopidogrel resistance can be defined as the failure of therapy in patients for whom clopidogrel does not achieve significant platelet inhibition and results in recurrent ischemic events. 12 Numerous studies using different platelet function tests provided estimates of the prevalence ranging from 16.8% to 21% for clopidogrel resistance. 13 Variable response to clopidogrel is well documented but a standardized definition for individual responsiveness to clopidogrel is not present. Nonetheless, the common terminologies used are ''low-responder,'' ''hyporesponder,'' ''semiresponder,'' and ''suboptimal responder''. 13 In general,
patients showing <70% but >30% aggregation are defined as hyporesponders and <30% aggregation as resistant. Table 2 ). The Indian data also correspond to the international data with a similar prevalence of clopidogrel resistance (Table 3) . With this background, we conducted the present study to determine the extent of resistance to clopidogrel, prasugrel, and ticagrelor in a real life set of patients with coronary artery disease.
Methodology
Study population and design
This is a prospective, comparative, observational single-center cohort study, which included 539 consecutive patients who underwent a PCI at Kokilaben Dhirubhai Ambani Hospital and Medical Research Institute, Mumbai. The institutional review board of the hospital approved the study protocol.
Patients were eligible if they were ≥18 years of age and had confirmed CAD and underwent PCI. The exclusion criteria were known allergy to clopidogrel, prasugrel, or ticagrelor; a platelet count less than 100 Â 10 9 /L or greater than 500 Â 10 9 /L; any active bleeding or history of gastrointestinal bleeding within the previous 2 months; any other major surgical procedure within 2 weeks prior to the study; and pregnancy. All patients who underwent PCI and were considered for the study were on aspirin and on any of the three drugs, namely, clopidogrel, prasugrel, and ticagrelor and were followed up regularly in the outpatient department.
In all patients, response to the treatment was assessed using thrombelastography or TEG ® 24 h after initiation of the second antiplatelet medication. The percentage platelet inhibition was assessed along with the resistance and sensitivity to the drug. Patients resistant to clopidogrel were shifted to either prasugrel or ticagrelor, while patients resistant to prasugrel were switched to ticagrelor and then the percent platelet inhibition was reassessed again after 24-48 h. The patients who were resistant to ticagrelor were continued on the same and rechecked after 24 h.
Blood sampling
Each blood sample required collection of 10 ml of blood into Vacutainer tubes (BD Medical Systems) containing EDTA, sodium citrate (3.2%), and heparin (in separate tubes).
Thrombelastography parameters measured
Thrombelastography or TEG ® was used to measure the percentage of platelet inhibition by aspirin, clopidogrel, prasugrel, or ticagrelor. The TEG parameters recorded in the present study include:
1. Reaction time (R), the time required from the start of blood sample test to fibrin formation; normal range is 2-8 min; >8 min is enzymatic hypocoagulability, and <2 min is enzymatic hypercoagulability. 2. Maximum amplitude (MA): the MA of platelet function; normal is 51-69 mm, <51 mm denotes hypocoagulability; >69 mm denotes hypercoagulability. As MA, which represents the maximal clot strength, can be ascertained by the binding of activated platelets to a fibrin mesh, 360 ml of heparinized blood was added to 10 ml of Activator F (Reptilase and Factor XIIIa) in channel 1. Thus, the contribution of each fibrin meshwork to clot strength (MA Fibrin ) was assessed in channel 1. In channels 2 and 3, 360 ml of heparinized blood was added to 10 ml of ADP (final concentration 2 mM) and 10 ml of arachidonic acid (AA; final concentration 1 mM), respectively along with 10 ml of Activator F. Channels 2 (MA ADP ) and 3 (MA AA ) help calculate the contribution of platelets, as activated by ADP or AA, respectively, to clot strength. Maximal clot strength with maximally stimulated platelets (MA Thrombin ) was assessed in channel 4 by adding 360 ml of Kaolin-activated citrated blood to calcium chloride 0.2 M, 20 ml.
Percentage platelet inhibition is defined by the extent of nonresponse of the platelet ADP or TXA2 receptor to the exogenous ADP and AA as measured by TEG MA. The percentage platelet aggregation to agonist can be calculated by: [(MA ADP/AA À MA Fibrin )/(MA Thrombin À MA Fibrin ) Â 100]. This calculation is performed by the TEG-PM software. Thus, the percentage platelet inhibition due to clopidogrel, prasugrel, and ticagrelor was calculated.
Definition of outcomes
The percentage of patients sensitive and resistant to and the average percentage platelet inhibition with the ADP receptor antagonists, namely clopidogrel, prasugrel, and ticagrelor, were recorded and were considered as the primary outcome of the study. The average platelet inhibition was analyzed in both the resistant and sensitive groups for each of the ADP receptor antagonists. Sensitivity and resistance to the specific drug was defined as >50% and <50% of mean platelet inhibition, respectively. The effect of other variables, including age (>60 years and <60 years), creatinine values (<1 mg/dL and >1 mg/dL), weight (>60 kg and <60 kg), hypertension, and diabetes on the sensitivity and resistance to oral antiplatelet therapy with ADP receptor antagonists, were recorded as secondary outcomes.
In addition, the efficacy of prasugrel on clopidogrel nonresponders and of ticagrelor on clopidogrel and prasugrel nonresponders was also evaluated as the secondary outcome.
Statistical analysis
Data were analyzed using R (open source statistical software) and Excel statistics software package. Categorical variables were compared using the Chi-square (x 2 ) test while continuous variables were compared between multiple groups using independent sample t tests and analysis of variance (ANOVA), with p < 0.05 considered statistically significant.
Results
Study population
A total of 539 patients were enrolled in this study. The mean age of patients in the study population was 59.12 years and the mean weight was 73.3 kg. All 539 patients were treated with aspirin, 241 were tested for clopidogrel, 156 for prasugrel and 235 for ticagrelor.
Additionally those resistant to either clopidogrel or prasugrel were shifted to another drug and retested.
4.2.
Effects of clopidogrel, prasugrel, and ticagrelor on platelet inhibition
The study found that the mean percentage platelet inhibition was significantly higher in patients with ticagrelor as compared with clopidogrel and with prasugrel ( p value of 0.0001 and 0.0043, respectively). In addition, the average percent platelet inhibition in patients treated with clopidogrel was significantly lesser as compared with those treated with prasugrel with a p value of 0.0001, as shown in Fig. 2. 
4.3.
Response to treatment
As shown in Fig. 3 , about 99.15% of the patients treated with ticagrelor were sensitive to the drug and the difference between the groups for sensitivity was significant ( p value of 0.00001) in favor of ticagrelor. It was also found that ticagrelor was significantly ( p value of 0.001) associated with the least resistance as compared with the other drugs in the group.
Effects of secondary parameters on the response to treatment
The number of patients sensitive and resistant to oral antiplatelet therapy with the ADP receptor antagonists clopidogrel, prasugrel, and ticagrelor in each of the subgroups, including age (>60 years and <60 years), creatinine values 
Impact of age and weight on the response to treatment
Ticagrelor was associated with significantly higher mean percentage platelet inhibition in the group >60 years and in the group <60 kg of weight as compared with clopidogrel and prasugrel (Figs. 4 and 5 ). This suggested that age and weight were not a factor in the superior response of ticagrelor over clopidogrel or prasugrel.
Impact of creatinine level on the response to treatment
In patients with creatinine levels of >1 mg/dL, significantly more patients were sensitive; and significantly, fewer patients were resistant in the ticagrelor group as compared with clopidogrel with the p value of 0.0005. Ticagrelor was associated with significantly higher mean percentage platelet inhibition in the group of patients with creatinine values of >1 mg/dL as compared with clopidogrel and prasugrel (Fig. 6 ).
4.7.
Impact of cardiovascular risk factors on the response to treatment
Hypertension
About 98.6% of patients were sensitive in the ticagrelor group as compared with 70.3% to clopidogrel ( p = 0.001) and 93.5% to prasugrel ( p = 0.01). Ticagrelor was associated with the least percentage of resistant patients (1.4%) as compared with prasugrel (6.5%; p = 0.01) and clopidogrel (29.7%; p = 0.001). The difference between clopidogrel and prasugrel was also significant ( p < 0.00001).
Ticagrelor was associated with significantly higher mean percentage platelet inhibition in patients with hypertension as compared with clopidogrel and prasugrel (Fig. 7) .
Diabetes
In the diabetic subgroup, a total of 98.8% patients were sensitive in the ticagrelor group as compared with 70.4% in the clopidogrel ( p = 0.001) and 91.4% in the prasugrel ( p = 0.08) groups. Ticagrelor was associated with the least percentage of resistant patients (1.2%) as compared with prasugrel (8.6%; p = 0.08) and clopidogrel (29.6%; p = 0.001).
Ticagrelor was associated with significantly higher mean percentage platelet inhibition in patients with diabetes as compared with clopidogrel. While the mean percentage platelet inhibition with ticagrelor was also higher than that with prasugrel, this difference was not statistically significant (Fig. 8). 
Effect of ticagrelor in patients resistant to clopidogrel and prasugrel
A total of 9 patients resistant to clopidogrel were shifted to ticagrelor loading and maintenance dose. All these patients became sensitive to ticagrelor with the mean percent platelet inhibition of 90%. The mean percent platelet inhibition increased from 14.87% to 90% in these patients after switching.
In addition, 2 patients resistant to prasugrel who were shifted to ticagrelor became sensitive to ticagrelor with the mean percent platelet inhibition of 90%. Among 52 patients resistant to clopidogrel and who were switched to prasugrel, 50 patients became sensitive and 2 were resistant to prasugrel treatment with the mean platelet inhibition rate of 86% and 44%, respectively.
A total of 2 patients who were resistant to ticagrelor continued with the same treatment and became sensitive after a further 24 h of continued treatment with ticagrelor.
Safety
No fatal reaction to any antiplatelet drug was recorded. One patient on clopidogrel and three patients on prasugrel had gastrointestinal bleeding that required blood transfusion. No serious bleeding requiring blood transfusion was recorded with ticagrelor. Three patients on ticagrelor had to be switched to prasugrel due to dyspnea. Minor bleeding, such as dental bleeds or nosebleeds, was recorded with all drugs, but these required no treatment or change of therapy. Skin bruising was reported with all antiplatelet agents but it did not necessitate change in therapy. No bradycardia was reported or recorded with patients on ticagrelor.
Discussion
The results of this observational study, which evaluated the percentage of platelet inhibition with ticagrelor, clopidogrel, or prasugrel, as dual-antiplatelet therapy with aspirin in patients who underwent PCI, demonstrated that ticagrelor therapy was associated with a statistically significant higher mean percentage platelet inhibition (89.9%) as compared with clopidogrel (67.4%) and prasugrel (85.2%). The study also demonstrated ticagrelor sensitivity in 99.15% of the patients, which was statistically significantly higher than prasugrel sensitivity in 94.23% of the patients, and clopidogrel sensitivity in 72.15% of the patients. All current guidelines including the latest 2014 European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS) guidelines on myocardial revascularization recommend P2Y 12 inhibitors (clopidogrel, ticagrelor, and prasugrel) as dual antiplatelet therapy along with aspirin, in patients undergoing PCI. 26 Although clopidogrel is recommended in these patients, the irreversibility and disparity of platelet inhibition with clopidogrel has led to dispute about its optimum dose and timing of administration in patients undergoing PCI. [26] [27] [28] [29] Ticagrelor is observed to reach IPA of 80-90% approximately in 2-4 h after a 180 mg loading dose, 28, 29 which is consistent with the current study finding of a mean platelet inhibition of 89.9% in 24 h with 180 mg loading and 90 mg twice daily maintenance dose of ticagrelor. Moreover, mean platelet inhibition of 67.4% achieved with 300 mg loading and 75 mg daily maintenance of clopidogrel within 24 h is comparable with other studies, which reported a 30-50% platelet inhibition with 300 mg and 600 mg loading dose of clopidogrel in 4-8 h. 28, 29 As discussed earlier, the PLATO trial demonstrated that ticagrelor significantly reduced the mortality rate due to vascular events, myocardial infarction, and stroke, as compared with clopidogrel, without an increase in the rate of major bleeding. 30 More interesting is the fact that a substudy of the PLATO trial demonstrated that ticagrelor is associated with increased and more reliable platelet inhibition than clopidogrel, 31 which is again consistent with the findings of this study.
Prasugrel is also an irreversible platelet inhibitor with the pharmacological effects based on its conversion to an active metabolite. However, unlike clopidogrel, the onset of action is faster (<30 min with 60 mg loading dose). 32 Despite its rapid action, it is associated with increased risk of bleeding, as demonstrated in the TRITON-TIMI 38 study. 33 Prasugrel resistance has not been described reliably and few studies so far have reported resistance. Our study, probably one of the few ones to do so, has demonstrated resistance to prasugrel in 5.77% of patients. In 2012, Alexopoulos et al. reported that ticagrelor provided stronger platelet inhibition than prasugrel using the VerifyNow assay, attributing this to the nonhepatic mode of action of ticagrelor. Although prasugrel is not influenced by CYP2C19 and CYP2C9 polymorphism, it may be influenced by other abnormalities within the liver including other polymorphisms. 34 
5.1.
Impact of clinical factors on the response to treatment with ticagrelor, prasugrel, and clopidogrel
The current study also demonstrated that the antiplatelet effect of ticagrelor was not influenced by any of the clinical factors studied including age, weight, creatinine level, hypertension, and diabetes. In fact, ticagrelor achieved statistically significantly higher mean platelet inhibition in all these subgroups as compared with clopidogrel and prasugrel except in patients with diabetes, where the difference between ticagrelor and prasugrel was not significant but the difference between ticagrelor and clopidogrel was significant. A substudy of the PLATO trials demonstrated that in patients with CKD, compared with clopidogrel, ticagrelor was associated with a 23% reduction in the relative risk of the primary ischemic endpoint (when compared with a nonsignificant 10% decrease in patients without CKD) and was associated with even more striking reductions of 4.0% and 28%, respectively, in the absolute and relative risks of all-cause mortality. 35 Also, Alexopoulos et al. reported prasugrel resistance in 19% of patients with CKD and on hemodialysis. 34 In this scenario, the findings from our study may have significant clinical implications towards the use of ticagrelor in these subsets of patients.
As patients with diabetes mellitus (DM) have high platelet reactivity and are at an increased risk of ischemic events, a post hoc analysis of PLATO trial was conducted to study the effect of ticagrelor vs. clopidogrel in patients with DM. The study found that ticagrelor was associated with the reduction in the primary composite endpoint (HR: 0.88, 95% CI: 0.76-1.03), all-cause mortality (HR: 0.82, 95% CI: 0.66-1.01), and stent thrombosis (HR: 0.65, 95% CI: 0.36-1.17), with no increase in major bleeding (HR: 0.95, 95% CI: 0.81-1.12) in patients with diabetes, as observed in the broad population of patients with ACS in the PLATO trial. 36 In another study, Alexopoulos et al. directly compared the platelet inhibition with ticagrelor vs. that with prasugrel in patients with DM and ACS who had been pretreated with clopidogrel and underwent PCI. They demonstrated that ticagrelor achieved significantly higher platelet inhibition than prasugrel in these patients. 37 Our study results indicate a similar benefit in these patients.
Efficacy of ticagrelor in clopidogrel nonresponders
In our study, ticagrelor therapy overwhelmed nonresponsiveness to clopidogrel (14.87%) with the mean percent platelet inhibition of 90% in these patients after switching over to ticagrelor. Similar to our study, The Response to Ticagrelor in Clopidogrel Nonresponders and Responders and Effect of Switching Therapies (RESPOND) study, a substudy of the PLATO trial, demonstrated that the IPA was higher in clopidogrel nonresponders treated with ticagrelor compared with clopidogrel ( p < 0.05). The IPA increased from 35 AE 11% to 59 AE 9% in patients switched from clopidogrel to ticagrelor ( p < 0.0001) and reduced from 56 AE 9% to 36 AE 14% in patients switched from ticagrelor to clopidogrel ( p < 0.0001). 38 
Limitations of the study
While the results of this study are of significant importance, it has few limitations, the major one being its nonrandomised and observational design. Moreover results may be considered as indicative. However, we were able to capture a real life set of patient population that is similar to that observed in other studies of the same design. The baseline variables were similar and any confounding variables are unlikely to have had any effect on the results. We also compared using only serum creatinine values, whereas creatinine clearance would have provided better information.
Also only one test (TEG) was used to evaluate the mean percentage platelet inhibition that was available in our hospital 24/7. Platelet inhibition testing in vitro has its limitations for predicting clinical events and TEG also suffers from the same limitation, though some data of association with clinical events have been published. We changed patients resistant to prasugrel to ticagrelor because it was a newer molecule that had just been introduced. We do not have any information if clopidogrel had been used in these patients and that decision remains with the treating physician. Finally, we did not collect pharmacokinetic samples for the analysis of clopidogrel or prasugrel metabolites or serum levels of ticagrelor. Hence, it is beyond the scope of this study to comment on the pharmacokinetic correlation with the observed effects of the study drugs.
Conclusion
In patients with CAD undergoing PCI, the use of ticagrelor as dual therapy along with aspirin was associated with a significantly higher mean percentage platelet inhibition, higher sensitivity, and lower resistance, as compared with clopidogrel and prasugrel. This was seen even in patients resistant to either of the two drugs.
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